Hanford River Protection Project (RPP) staff will use the planned Cold Test, Training, and Mockup Facility (CTMF) to test the ability to retrieve tank waste using mixer pumps and fluidic mixers. The staff will conduct hydraulic tests to evaluate waste mobilization (verify the effective cleaning radius), waste suspension (verify the homogeneity of mixed solids), and hydraulic forces acting on tank internal structures (instrumentation trees and airlift circulators). The purpose of the study reported herein is to determine which tank size (30, 55, or 75 ft diameter) and waste depth (10, 20, or 30 ft) should be used for the CTMF model tank so the test results will best predict the corresponding mixing behavior in actual Hanford double-and single-shell tanks.
Introduction
The objective of this study was to determine the minimum tank size for the Cold Test, Training, and Mockup Facility (CTMF) process testing of Hanford tank waste retrieval. This facility would support retrieval of waste in 75-ft-diameter double-shell tanks (DST) with mixer pumps and in single-shell-tanks (SST) with fluidic mixers. The CTMF will use full-scale mixer pumps, transfer pumps, and equipment with simulated waste.
Tests to be performed include waste mobilization (e.g., verification of the effective cleaning radius), waste suspension (e.g., homogeneity of mixed solids), slurry transfer pump operation, crawler hose management, saltcake dissolution, and fluidic mixer testing. The key parameter for designing this facility is the tank size (diameter and height) required to obtain meaningful results that can be applied to actual full-size tanks.
The study evaluated CTMF tank dimensions, from diameters of 30 ft, 55 ft, or 75 ft and waste depths of 10 ft, 20 ft, or 30 ft, so that modeling results could best predict corresponding waste mixing behavior in actual Hanford double-and single-shell tanks. This evaluation included identifying how the test data would be interpolated or extrapolated to predict the expected results in an actual full-scale tank and the risks associated with making those interpolations/extrapolations. The evaluations were limited to the following hydraulic tests:
• DST waste (high-level waste [HLW] feed) mobilization (i.e., determine the ability to mobilize sticky sludge)
• DST, HLW feed solids suspension (i.e., determine the ability to suspend particles up to 275 µm with a density of 3,000 kg/m 3 and the degree of homogeneity that can be achieved within the tank)
• DST waste impingement loads on in-tank structure and equipment (e.g., instrument trees, transfer pump, and other mixer pumps) during the tank waste retrieval operation
• SST fluidic mixer testing (the ability of British Nuclear Fuel Limited-type fluidic mixers to suspend solids).
The CTMF will also test waste retrieval equipment and processes, verification of process control strategies, training of operating and maintenance personnel, and verification of procedures.
We discuss the relevant literature review in Section 2. Section 3 describes the derivation and interpretation of dynamic similitude. Section 4 provides our evaluation based on similitude analysis results, including some examples of application of the similitude to DST 241-AN-105 and 241-AZ-102 conditions. Conclusions and recommendations are presented in Section 5, and cited references are listed in Section 6.
Literature Review
A literature review was conducted to establish the current understanding of dynamic similitude criteria applied to hydrodynamic mixing and the associated phenomena expected in Hanford waste applications. The literature search databases used were NTIS, Energy SciTec, Nuclear Sci. Abs, Ei Compendex, ChemEng and Biotec Abs, SPIN, FLUIDEX, and Pascal. These combined databases included over 10,000 journals and publications from 1948 to the present. Key words included (in various combinations): non-Newtonian, multiphase, slurry flow; jet mixing; and dimensional analysis, scale, similitude, or physical model. This search yielded 435 abstracts, of which approximately 50 were deemed to be applicable to this investigation. This section briefly summarizes the area of study and methodology used for dynamic similitude of the relevant literature.
Multiphase Flow
The majority of the literature reviewed in this category focused on pipe or channel flow and thus was not directly applicable to the current investigation. Typically, the Reynolds number was used to characterize the flow, and a single parameter of interest was considered. For example, Meng et al. (2000) had deviations of less than 10% between the measured and calculated friction loss factor for coal-slurry pipe flows using the generalized Reynolds number. For the curved pipe flow of a Kaolin clay slurry, Tada et al. (1994) developed a method to identify the friction factor using the Dean number (Reynolds number times the square root of the ratio of the radius of the pipe to its radius of curvature). In a three-phase fluidized bed, Safoniuk et al. (1999) proposed five dimensionless groups that must match to ensure dynamic similitude. These groups included the M-group, Eotvus number, Reynolds number, density ratio, and velocity ratio. They evaluated bed expansion and gas holdup in two different columns and found good agreement between the two for conditions that closely matched the dimensionless groups.
Jets
The literature on free jets in Newtonian fluids is vast, but we found little new on the topic of jets in variable density systems or non-Newtonian fluids. Shy (1995) conducted an excellent study of jets penetrating stratification boundaries. He found that little mixing occurs even in modest stratification. For modest stratification the Reynolds number remains important, and for strong stratification essentially no penetration occurs. He concludes that entrainment at the density interface can depend significantly on the Reynolds number based on eddy velocity differences and eddy size and not just on the eddy velocity Richardson number (compares eddy kinetic energy to potential energy of stratification-the density difference and gravity), as is commonly believed. The Richardson or densimetric Froude number usually expresses the nonuniform density effects on flow and dispersion (Ippen 1966 ). As will be described in Sections 3 and 4, we used the densimetric Froude number for the similitude of density-induced flow phenomena in this study. Soldatkin (1991) analytically examined the case of a non-self similar jet of a non-Newtonian fluid. As in practically all of the literature we examined, a power-law fluid was assumed. The results were for a two-dimensional jet and not particularly pertinent to our problem. Hiraoka, Yamada, and Mizoguchi (1979) described a two-dimensional numerical solution of an analytical model of impeller agitation of a power-law fluid. They found that the apparent viscosity (viscosity at impeller shear rates) controlled the non-Newtonian velocity profile with relatively little effect of the tank dimensions. Tebel and Zehner (1985) determined that it is possible to state explicitly the effect of various hydrodynamic boundary conditions in propeller loop reactors in a scale-up procedure with complete geometric similarity on dependence of the mixing time on the non-Newtonian viscosity. Bailey (1990) described a commercially available computer code to predict mixing in non-Newtonian fluids in typical agitated tanks. The code can consider visco-elastic fluids such as polymers and can describe the distribution of particulates during mixing. However, they provide no general results; instead, the paper illustrates that one must study such systems case by case using applicable codes to draw any inferences. Their code appears to be limited to describing impeller-in-tank systems. Rajagopal, Gupta, and Wineman (1980) proposed a theory for boundary layers in nonNewtonian fluids. They considered the "Rivlin-Erickson fluid of second order," which includes power law fluids. Essentially, such fluids can have stress tensors that vary with the rate of deformation tensor quadratically instead of linearly like Newtonian fluids, although it can depend also on the rate of change of the rate of deformation tensor. Their dimensional analysis leads to the usual Reynolds number and a similar term based on one of the coefficients in the second-order fluid model that makes it non-Newtonian. The results are not particularly helpful to us in that they help one describe classic boundary layer configurations, which do not describe our problem. Kawase and Ulbrecht (1984) examined thermal natural convection boundary layers in power law fluids. They were able to correlate the results using Nusselt and Grashof numbers modified with the power of the power law fluid, which results from applying the approximate integral boundary layer approach-an expected result. Kawase and Ulbrecht (1983) also studied bursting processes in boundary layers in power law fluids. They analyzed the boundary sublayers using classic dimensionless velocity profiles, applying known models of turbulence. They were able to correlate the power of the power law to the bursting period (inverse frequency) made dimensionless using a time scale based on the consistency index of the fluid. This result encourages one to use the power law modified Reynolds number to describe or as a correlation basis for suspension of tank solids, but the model itself is not directly applicable.
Mixing

Boundary Layers
Similarity
We examined a number of papers on general similarity solutions, analyses, or postulates, some for non-Newtonian fluids, but none appeared to be helpful in understanding our own problem. They are typically too general in approach or too restricted in geometry to be useful.
Derivation and Description of Dynamic Similitude
One approach to evaluating waste mixing (e.g., solid erosion/resuspension, transport, and deposition) is to use a physical model combined with dimensional analysis to identify a suitable set of dimensionless quantities that will provide dynamic similarity between prototype (actual double-and single-shell tanks) and model (Rouse 1965; Onishi et al. 1975 ).
DST and SST Waste Retrieval Setup
The Hanford tank waste is characterized as a multiphase, multicomponent, high ionicstrength, and highly basic waste. To accomplish waste disposal, much of the waste stored in the 28 4,000-m 3 DSTs will be retrieved by installing one or two 300-hp mixer pumps that inject rotating high-speed (18.3-m/s) jets to stir up the non-Newtonian saltcake/sludge and mostly Newtonian supernatant liquid within the tank, blending them into a slurry (Onishi et al. 1996) , as shown in Figure 3 .1. The mixed waste (the slurry or resulting waste solution) will then be pumped out of the tanks into a waste treatment facility. In some cases, solvents (e.g., water or a sodium hydroxide solution) will be added to the tanks to dissolve and thus reduce the amount of solids, to decrease the density and viscosity of the waste solution, and to make the waste easier to mix, retrieve, and transfer (through pipelines) to other tanks or to a treatment facility.
We also evaluated a fluidic mixer for SSTs. It uses compressed air to oscillate the waste jet that mobilizes and mixes the solids with supernatant liquid, as shown in 
Dimensional Analysis
The quantities relevant to the analysis are tank diameter, waste depth, fluid and solid properties, flow characteristics, thickness of the supernatant liquid and solid layers, and pump and fluidic mixer operational conditions. We considered the functional dependencies of three important behaviors upon a set of parameters. The behaviors are the waste mobilization expressed by the effective cleaning radius (ECR) (radius within which all solids are eroded away from the tank bottom), (L); the solid suspension and slurry transport expressed by solid discharge, Q s (MT -1 ); and the impingement loads on in-tank structure and equipment, expressed by force per unit area, F (ML -1 T -2 ). Here L, M, and T are length, mass and time, respectively. The dependencies may be expressed as
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where D j = (nozzle) diameter of the exit jet of the mixer pump or fluidic mixer d S = solid diameter f = functional relationship g = gravitational acceleration H = total waste thickness H P = pump exit nozzle elevation above the tank bottom H S = solid layer thickness r = tank radius U j = exit jet velocity of the mixer pump or fluidic mixer w S = solid settling velocity, which replaces the solid particle shape factor µ L = liquid viscosity µ S = solid layer (saltcake/sludge layer) viscosity ρ L = liquid density ρ S = solid particle density σ g = standard deviation of solid size distribution τ S = yield strength of the solid layer ω = nondimensional mixer pump rotation or fluidic mixer oscillation frequency.
The application of the Buckingham theorem (Rouse 1965; Vanoni 1975) to Equation 3.1 leads to the following group of dimensionless terms: The difference between Eq. (3.2) and (3.3) is the denominator of the second term on the right side of the equations. For H S ≅ H p , both Eq. (3.2) and (3.3) must be satisfied. Eq. (3.2) may be written as where
Similarly, Eq. 3.3 may be rewritten as When values of dimensionless terms in Eq. (3.4) through (3.9) are the same in the prototype (actual tank) and a CTMF model tank, these two cases are dynamically similar. Thus, model results would be directly transferable from the cold test model to the actual tank, as will be discussed later. Note that the last three nondimensional terms of Eq. (3.4) and (3.9) are satisfied when the model has the geometric similitude with the prototype.
Magnitude of the Nondimensional Terms
The large number of similarity criteria discussed above affect jet-induced waste mixing in the SSTs and DSTs. Some have significant effects and some may have only minor effects. As is discussed in Section 4, it is generally not possible, practical, or useful to satisfy all these criteria. Thus, we evaluated which of the nondimensional similarity parameters listed above are important in reproducing the jet-induced tank waste mixing. We evaluated this by determining very approximate orders of magnitude of nondimensional terms listed above. We used very approximate ranges of values estimated from various previous tank wastes mixing studies (DiCenso et al. 1995; Onishi et al. 1996; Onishi and Recknagle 1997 , 1998 Herting 1997 Herting , 1998 Recknagle and Onishi 1999) .
Our rough estimates of these values in the prototype (actual DSTs and SSTs) are
where O(•) means the orders of magnitude of (•). Thus, the relative importance of these six similarity criteria is
Thus, we will use the above order of importance to determine the appropriate tank size and associated fluid and solid properties.
Similarity Criteria
Because the vertical flow and solid concentration variations are important in the tank waste mixing, we must use an undistorted physical model; i.e., the vertical and horizontal model length scales must be the same (Onishi and Sarye 1974) .
Solid Erosion Distance Criterion: The distance that the pump jet mobilizes the tank sludge will be proportional to the physical modeling scale (L r =L p /L m ) between the prototype (actual tank) and the CTMF model tank, as shown below, if nondimensional variables on the right side of Eq. (3.4) and/or (3.7) are the same between the prototype and model:
However, if nondimensional variables on the right side of Eq. (3.4) and/or (3.7) are not the same in the prototype and in the model, the model may not reproduce the prototype's waste mixing. Thus, an ECR value in the model may not correspond to the prototype ECR value. This is also true for sediment load and hydraulic force, as presented below. Sediment Load Criterion: The suspended solid concentration will be the same in the prototype and in the model, expressed in nondimensional form below, if nondimensional variables on the right side of Eq. (3.5) and (3.8) are the same in the prototype and model:
Hydraulic Force Criterion: The nondimensionalized hydraulic force per unit area acting on the instrumentation trees is the same in the prototype and model if the nondimensional variables on the right side of Eq. (3.6) and/or (3.9) are the same in the prototype and in the model:
As stated above, to obtain dynamic similitude between the prototype and model, the ratios of all nondimensional variables on the right side of Eq. (3.4) through (3.9) in the prototype and in the model must be unity. We will discuss which of these variables affects what portion of the flow and solid transport processes.
Jet Reynolds Number Criterion: If the model has the same jet Reynolds number as the prototype, as indicated below, the jet-induced flow component in the model reproduces the corresponding jet flow of the prototype:
Solid Erosion Criterion: If Eq. (3.17) is satisfied in the prototype and in the model, the solid erosion process due to the mixer jet impingement to the sludge bank will be the same in the prototype and in the model:
Solid Erosion Criterion: If Eq. (3.18) is satisfied in the prototype and in the model, the solid erosion process due to shear stress of the mixer jet flowing over the sludge bank will be the same in the prototype and in the model:
Densimetric Froud Number Criteria: The flow field component induced by the density difference (due to nonuniform solid concentrations and/or temperature distributions) will be dynamically the same between the prototype and model if Eq. (3.19) is satisfied:
Rouse Number Criterion for Suspended Solid Vertical Distribution: The relative distribution of vertical suspended solid concentrations will be similar in the prototype and in the model if Eq. (3.20) is satisfied:
Note that the actual Rouse number is equal to w s /(κu * ) where κ is the Karman constant and was originally derived under a uniform flow condition (Vanoni 1975 Geometric Standard Deviation of Solid Particle Size Distribution: The geometric standard deviation of the solid particle size distribution will be the same in the prototype and in the model if Eq. (3.22) is satisfied. The difference in σ g between the prototype and the model is expected to be small unless single-size particles were used in the model: 
Model Tank Size, Fluid, and Solid Property Determination
To reproduce the actual tank's waste mobilization, solid suspension, hydraulic force acting on tank internal structures (e.g., instrument tree, airlift circulators), and fluidic mixing in the CTMF tank, the physical modeling must satisfy dynamic similarity criteria described in Eq. (3.4) through (3.9). We evaluated the feasibility of obtaining the appropriate model size, fluid, and solids.
Model Tank and Waste Property Considerations
The requested model tank sizes to be considered in this study were 35 ft, 55 ft, and 75 ft. The actual DST diameter is 75 ft. Thus, these model sizes correspond to L r = L p /L m = 75 ft/35ft = 2.14, L r = L p /L m = 75 ft/55ft = 1.36, and L r = L p /L m = 75 ft/75ft = 1.0 (full-scale model), respectively. Some DST tanks (e.g., 241-AN-104, 241-AN-105, and 241-AZ-102) have waste depths of approximately 30 ft. Thus, to maintain the same geometric similarity for a 30-ft waste depth in these tanks, a 35-ft CTMF tank needs a waste depth of 4 ft, and 55-and 75-ft tanks need depths of 22 and 30 ft, respectively. As long as the model tank is deep enough, this analysis is applicable to any waste depth, H, including 10, 20, and 30 ft. The actual waste solid particle diameters vary from below 1 µm to about 1 mm, and the specified particle size for this similitude evaluation was up to 275 µm. Solid density tends to be around 2,000 kg/m 3 (see Table 4 .1). In this study, we also evaluated densities up to 3,000 kg/m 3 .
We used the following three progressive questions to determine the feasibility of the scaled physical model and how to convert model results to predict actual tank behavior: Question 1. Is it theoretically possible to satisfy the required similarity criteria for
• a 35-ft-diameter tank?
• a 55-ft-diameter tank?
• a 75-ft-diameter tank? Question 2. If an answer to Question 1 is yes, is it practical? Question 3. If answers to both Questions 1 and 2 are yes, is it useful for predicting actual behavior in the real system with the use of a model tank?
It is convenient for the model if it can use fluid and solid that are the same as or very similar to the physical properties of actual waste. Let us examine this situation if only two of the five similarity criteria, jet Reynolds number, R ej , and densimetric Froude number, F D, will be satisfied.
Because the liquid density, viscosity, solid density and sludge/saltcake layer viscosity are assumed to be the same in both prototype and model, No model fluid and solids can satisfy all 12 similarity criteria derived in Section 3 for all waste conditions in a reduced size (i.e., scaled-down) tank. Only the full-scale tank can satisfy all 12 similarity criteria. Therefore, we examined the following four specific cases to determine the feasibility of obtaining dynamic similitude for some conditions:
Case 1: AN-105 waste conditions (solids: 5 µm diameter, 2,230 kg/m 3 density) Case 2: same as Case 1 except solid diameter is 275 µm and density 3,000 kg/m 3 Case 3: AZ-102 waste conditions (solids: 3.4 µm diameter, 2360 kg/m 3 density) Case 4: same as Case 3 except solid diameter is 275 µm and density is 3,000 kg/m 3 .
AN-105 (Case 1) and AZ-102 (Case 3) were selected to cover low-activity and high-activity waste tanks, respectively. The large particle diameter (275 µm) and density (3,000 kg/m 3 ) for Cases 2 and 4 were included at the request of the client. The properties for each of the four cases were used as the starting point for a computer search for combinations of proposed model properties that would satisfy all or some of the similarity criteria presented in Eq. (3.4) through (3.9).
The properties of AN-105 and AZ-102 wastes are shown in Table 4 .1 Herting 1975; ). The last row of the table provides the ratios of AN-105 properties to AZ-102 properties, varying from 0.06 to 15. Finding combinations of properties that meet the similarity criteria of Eq. (3.4) through (3.9) requires generating and evaluating large numbers of combinations of properties. To do this, we developed a similarity model in Microsoft Excel ® to generate these combinations and evaluate how well these similarity criteria are satisfied by them. We then optimized the waste properties (i.e., liquid density, liquid viscosity, solid size, solid density, solid settling velocity, sludge layer viscosity, sludge yield strength, and jet velocity in the model tank) to satisfy all or some of them for 35-, 55-, and 75-ft model tanks. In the similarity model, we replaced the shear velocity, u * , with the jet velocity, U j , because they are directly related to each other and the value of the jet velocity in the prototype is known, but the shear velocity in the actual tanks is not known.
To evaluate conformance to the similarity criteria, the nondimensional terms for the model tank were evaluated from waste properties determined in the similarity model using the Excel Solver function. The Solver uses a quasi-Newton algorithm to optimize the given problem. In our case, select similarity criteria were constrained to approach or be unity, and the waste properties of the model tank were allowed to vary within physically defined limits. Typically, the initial waste properties in the model tank were set to the prototype values. In some instances, different initial conditions resulted in different results, indicating that the identified solutions are not necessarily unique.
The similarity model identified only two specific solutions that satisfy or nearly satisfy all the similarity criteria for the 35-and 55-ft model tanks. Both solutions were found for Case 2 with a 35-ft model tank. (Although it is probably easier to find the appropriate waste property for a scale model whose size is closer to the actual tank size, that is not always the case because it is very difficult to satisfy all 12 similarity criteria. The scale alone will not necessarily make it easier to find the right combination of waste property and model size.) Required model waste property and conditions that have dynamic similitude in the 35-ft model tank are shown in Table 4 .2 with the prototype (actual tank) values. The model tank with liquid density of 1.426 kg/m 3 satisfies all similarity criteria, while the model with 1000 kg/m 3 liquid density nearly satisfies all criteria. The model tank values reported in Table 4 .2 are the result of the optimization; in some cases, the values are constraints that were imposed during the optimization to ensure that plausible properties were considered. With these waste properties and jet velocity, which apply to Case 2, the model will reproduce the actual tank conditions for ECR, suspended solid concentration distribution, hydraulic force acting on the instrumentation tree, and fluidic mixing. Thus Eq. (3.10), (3.11), and (3.12) will obtain the expected actual tank waste conditions with corresponding values measured in the 35-ft scale model tank. However, it is still very difficult to find a liquid for the model that has the density of water (1,000 kg/m 3 ) and viscosity about 3.6 times that of water. It is also rather difficult to obtain a solid with 3,003 kg/m 3 density.
Because we could not find conditions that satisfied Question 1 except in the two combinations of properties shown in Table 4 .2, we relaxed the similarity criteria, allowing the ratio of the similarity parameters between the prototype and model to deviate from unity and deleting some similarity criteria to identify conditions that may satisfy some criteria.
There are other solutions that satisfy or closely satisfy selected criteria combinations or single similarity criterion. However, none of these solutions satisfied Questions 1, 2, and 3, as the examples in Tables 4.3 through 4.10 for Cases 1 through 4 illustrate. Again, all model tank values reported in these tables are optimized solutions generated from the similarity model.
One example shown in these tables, the bottom case shown in Table 4 .7, is a case that is not very useful for conducting model tank testing. This case satisfies only the jet Reynolds number criterion by a physical model using the same fluid and solids as the prototype. In this case, the model could reproduce the hydraulic force acting on the instrumentation tree and other in-tank structures after the waste is fully mixed and the mixed slurry becomes totally homogeneous in the tank. Under this condition, the only equation to satisfy the dynamic similitude of the hydraulic force acting on the instrumentation tree is
Because (ρ L ) r , and (µ L ) r are unity and (U j ) r is (1/L r ) from Eq. (4.1), Eq. (4.3) indicates that the force acting on the unit area of an instrumentation tree of the 35-ft scale model is 4.6 (=L r 2 ) times that acting on an actual 75-ft tank. To conduct this test, the 35-ft scale model's instrumentation tree must be reinforced to make sure that it is at least 4.6 times stronger. Moreover, if hydraulic force breaks the instrumentation tree of the 35-ft scale model, it does not necessarily mean that hydraulic force will break the instrument tree of the actual tank. This is an example of, "Yes, it is theoretically possible," and "Yes, it is practical," but "No, it is not useful."
Other cases demonstrate that "Yes, it is theoretically possible," but "No, it is not very practical," to find the proper model fluid and solids to satisfy the required combination of the similarity criteria. These include a case that satisfies the jet Reynolds number, R ej , solid erosion criterion, τ SI * , densimetric Froude number, F d , Rouse number w s /u * , and particle Reynolds number, R e* , for AZ-102 tank waste when the solid layer is less than 1.5 ft deep (similar to actual AZ-101 conditions). This case (the bottom case in Table 4 .9) requires the model fluid to have a density of 1,000 kg/m 3 and a viscosity of 0.0003 Pa-s. In other words, the density is that of water and the viscosity 30% that of water. It may be possible to produce such a fluid, but it is not practical to use it in the model with the actual 300-hp mixer pump or fluidic mixer setup. The above similitude evaluation indicated that
• It is theoretically possible to obtain dynamic similitude between the actual tank and a 35-ft diameter model in some instances
• Only two combinations of properties evaluated provide dynamic similitude between the prototype (actual tank) and the scaled model.
• When some limited similitude conditions were identified, no simulant materials (liquids and solids) with the required properties are available.
• It is generally easier to find dynamic similitude when the prototype waste has high density and viscosity.
• Only the full-scale model tank provides the dynamic similitude for all conditions.
The solid transport, deposition, and erosion is very complex and requires a physical model to be calibrated to reproduce the important prototype conditions (e.g., solid concentration) by deviating some quantity (mostly velocity) from the exact similitude requirements. The use of the "velocity distortion" for this purpose is a common practice in erodible bed models at low Froude number (Onishi et al. 1975) . The full-size CTMF tank with liquids and solids that simulate real waste should be calibrated against real mixer pump performance in a real waste tank. However, only Tank 241-AZ-101 pump jet mixing data are available for the physical model calibration. Thus, the best use of Tank AZ-101 test data requires the CTMF model tank testing to satisfy the rather strict similitude requirements presented above. This is more easily accomplished with a full-size CTMF. Moreover, it is difficult to obtain necessary model liquid and solid properties in many tank conditions, as above examples indicate. The full-scale CTMF model tank eliminates the scale-up uncertainty. This is especially important when not all dynamic similarity criteria are strictly satisfied.
Because the CTMF model tank is supposed to be used for a wide range of waste and retrieval operational conditions, it is best to use a full-scale tank for the CTMF. This is especially true when the actual pumps and instrumentation trees will be installed in the model to gain experiences and insight to the retrieval operation. Thus, the CTMF full-scale model tank must also be 30 ft deep to accommodate full waste depths in some DST tanks.
The CTMF model tank test data can also be used to validate numerical simulation models. Validated computer codes may, in turn, produce results to fill the gaps in CTMF model test results. The combined use of the CTMF model tank and computer codes would generate more accurate predictions on ECR, suspended solid concentrations, and hydraulic forces acting on instrumentation trees for a specific tank of concern.
Model Depth Considerations
Dynamic similarity criteria for ECR, suspended solid concentration distribution, and hydraulic force acting on instrument trees may be expressed by Eq (3.4) through (3.9), as discussed. Because the vertical flow and solid concentration distributions are not uniform, the scale model must be an undistorted model, i.e., the vertical scale must be the same as the horizontal scale. We will discuss potential impacts of using full-scale model tank but not using the required full waste depth.
As discussed in Section 4, only the full-scale model can satisfy these similarity criteria consistently to reproduce actual tank conditions, if waste physical properties and rheology in the model are reproduced accurately. Thus, the 75-ft model tank requires the model waste depth to be the same as that in the actual tank to reproduce the flow, solid transport, erosion, settling and resuspension. Theoretically, any deviation of waste thickness from the required full depth will not reproduce the conditions correctly.
Let examine if the correct waste depth H is not used in the model tank. In this case, nondimensional parameters containing H will not be correctly reproduced in the model tank. They are the densimetric Froude number, F d , d S /H, and H S /H. In addition, the Rouse number, w S /u *, will not be reproduced correctly. This is because the actual Rouse number, which is needed to reproduce the relative vertical distribution shape (not actual concentration values themselves) of suspended solid concentrations, is w S /κu , κ where is the Karman constant. The Karman constant expresses the vertical velocity distribution, thus κ will not have the same value between the actual and model tanks, if the waste depth is not the same between them. The densimetric Froude number controls the density-driven flow caused by the non-uniform distributions of solid and temperature. The parameter d S /H expresses the effect of bottom roughness caused by the solid particles and is not very important in the tank waste mixing phenomena because solids are not expected to form rough bed forms such as ripples and dunes in the tank. The parameter H S /H is directly proportional to the fully mixed solid concentration. Thus, the combination of H S /H and the Rouse number control the solid vertical distribution (both shape and concentration values). Thus, not using the required waste depth H, the model tank, solid concentrations, density-driven flow (due to nonuniform solid and temperature distributions) and the vertical flow pattern will not be reproduced.
However, other nondimensional parameters are not directly affected by the value of H. These include the jet Reynolds number, R ej , nondimensional yield/shear stresses, τ SI *, and τ SS *, and the particle Reynolds number, R e* . As discussed in Section 3.4 (Similarity Criteria), they control jet flow and its direct impact; thus they strongly affect ECR and the hydraulic force acting on instrument trees. Thus ECR and hydraulic force will be reasonably well reproduced in the model tank unless the model waste thickness is so different from the actual waste depth that the overall flow pattern (which is controlled by all the nondimensional parameters) is no longer correctly reproduced. There will be some deviation from the actual hydraulic force due to not correctly reproducing the required model jet density.
The closer the model waste depth to the actual tank waste value, the more accurately the model tank reproduces the waste mixing conditions (ECR, hydraulic forces, and solid concentration distribution). Thus, if the actual tank has a waste depth of 30 ft (such as AN-104, AN-105, and AZ-102) and the tank model has a waste depth of 10 ft, there will be a significant uncertainty in extrapolating model results to an actual tank condition, even for ECR and hydraulic forces. With 20-ft model waste depth, there will be more confidence that the model tank will reproduce the ECR and hydraulic forces reasonable well. With 25-ft model waste depth, it is even better chance to reproduce these values. However, solid vertical distributions will not be correctly reproduced in this case. However, if the solid particle (crystals or agglomerates) diameters are very small, around 10 µm or less, the suspended solid distributions will be expected to be uniform throughout the tank except the tank bottom portions that are not eroded by the jet. On the opposite end, if the particle sizes are large, greater than 200 to 300 µm, the vertical solid distributions will be very steep (the large Rouse number), and most of the solids will be near the tank bottom. In these cases, one can obtain the solid vertical distribution of the 30-ft deep actual tank waste from a model tank with 20-25 ft waste depths. However, for intermediate-size particles between these two sizes, it will be difficult to estimate the solid vertical distributions correctly.
As discussed above, it is better to have the model waste depth as close as possible to the actual tank waste depth. If there is a limit for the model tank depth, it is preferable to have 25 ft instead of 20-ft model depth. The model depth of 10 ft to simulate a 30-ft waste depth condition is not recommended.
Conclusions and Recommendations
Only the full-scale CTMF model tank with 30-ft depth will satisfy all the similarity criteria for all the conditions. The full-scale model also can use model waste that has physical properties similar to the actual tank waste. If the model uses the same or very similar fluid and solids as the actual tank waste, even the jet Reynolds Number and densimetric Froude Number criteria cannot be satisfied together for 35-and 55-ft model tanks.
Thus, we recommend using the full-scale, 30-ft deep tank model for the CTMF, as a general model applicable to a wide range of waste and retrieval operational conditions. The full-size CTMF tank with liquids and solids that simulate real waste should be calibrated against real mixer pump performance in a real waste tank. Tank 241-AZ-101 pump jet mixing data are available for the physical model calibration under similar waste conditions using the CTMF.
If a full-scale model tank is used without the required full waste depth, dynamic similitude will not be attained in the model tank, especially to reproduce the solid concentration distributions in the model tank. There will be fewer impacts on ECR and hydraulic force from this deviation. It is better to have the model waste depth as close as possible to the actual tank waste depth. Thus, if there is a limit for the model tank depth, it is preferable to have a model depth of 25 ft instead of 20 ft. Using a 10-ft model depth to simulate a 30-ft waste depth condition is not recommended.
